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ANALYTTICAL INVESTIGATION OF THE EFFECT OF WATER INJECTION ON SUPERSONIC
TURBOJET-ENGINE - INLET MATCHING AND THRUST AUGMENTATION

By Andrew Beke

SUMMARY

An analytical investigation of the effectiveness of water injection
for englne-inlet matching and thrust augmentation was made at Mach num-
bers from 1.5 to 2.0. One-dimensional equations for complete evaporation
in & constant-ares channel were applied to a flxed-geometry inlet, and
its flight performence was compared with bypass and traenslating-spike
iniets.

No-spillage engine-inlet matching was achieved over the Mach number
range studied with meximm liguid-alr ratios of about 0.03. Augmented
thrust due to injection ranged from 17 to 56 percent higher than that of
the best performing varisble-geometry inlet. However, the specific im-
pulse (thrust/(1b)(sec of liquid consumption)) of the water-injection in-
let configurebtion was comsiderably lower than that of the bypass inlet
and sbout equal to that of a fixed-geometry configuration without water
injection. The total liquid consumed by the water-injection system, st
matching, was one-half to two end one-half times greater than the bypess
inlet configuration.

Because of the cooling effect on the air entering the turbojet en-
gine, it was found that the maximum allowable flight speed of a
temperature-limited turbojet engine (Mach 2.0 in tropopause) could be
increased by 25 percent, while the cruise altitude of the bypass inlet
system could be increased from 55,000 to 60,000 feet and for a fixed in-
let, from 55,000 to 67,000 feet.

INTRODUCTION

High-speed aircraft operating at supersonlc speeds with fixed-
geometry inlets splill large amounts of alr when the inlet capacity ex-
ceeds that required by the engine. This condition imposes high drags upon
the airplane. In order to provide engine-inlet matching to prevent such
mass flow spillage and the attendant drags, much mechanical complicetion
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has been introduced. Many current desighs provide moving compression
surfaces and bypass flow systems which, ln general, lncrease alirframe
complexity, add considerable dry welght, and present difficult control
problems. Less complex solutione to the matching problem are desirable.

One method whereby engine-~inlet airﬁlow matching mey be achieved
with reduced mechanical complication is to utilize the principle of heat
exchange in the subsonic diffuser of the' air-induction system. Since
the relation between the aserodynamic and mechanical rotative speeds of
a turbojet engine is varied by changing the inlet alrflow temperature,
elther eveaporative cooling or heat trane;er from the internsl airstream
ahead of the engine may be utilized to maintain this relation constant
over & wlde alrspeed range. References 1 and 2 propose employing thie’
princliple at subsonic and supersonic speeds to achieve thrust augmenta-
tion. The merits of the system for supe&sonic engine-inlet airflow match-
ing, as well as thrust augmentation, apﬁear conslderable; and a compar-
gtlve study with existing fixed- and variable geometry inlets was therefore
undertaken. :

Anelysis of water injectlon in a typlcal supersonic inlet of a cur-
rent turbojet engine was performed for Mach numbers up to 2.6 and alti-
tudes up to 55,000 feet. Inlet airflow variation with various ligquid-air
ratios was established from one-dimensional analysis for complete evapora-
tion in a constant-area stream, and the effect on engine-inlet matching
was evaluated in terms of comparstive net propulsive thrust and total
liquid specific impulse. The expected improvement in meximum altitude
was also determined. : )

¢

METHODS OF ANALYSIS
The symbols employed in the analysis are listed in appendix A.

The basic system analyzed is shown schematically in figure 1. It
consists of an axiglly symmetric necellé with a 25° half- angle conical
splke, a turbojet engine with afterburner, and a fully expanded exhaust
nozzle. Representative on-design fixed-inlet performance was assumed to
Mg = 2.0, ard sbove this value the performance of a fixed inlet designed
for MO = 2 was assumed. To this basic system was added (for analysis)
evaporation weter cooling in the subsonrc diffuser between stations 1 and
2. Also analyzed for comparative purposes was the basic system with first
a bypass added for matching the airflows and then a trenslating spike.

For the case of water injection inthe diffuser, one-dimensional
water Injection and eveporetion were assgumed between statlons 1 and 2.
The one~dimensional analysis for complete evaporation is presented in
appendix B, and the results of this anglysis are plotted on figure 2.

The method of engine-inlet airflowimatching with water injection is
somewhet dlfferent than the conventionally used technique and is discussed
in gppendix C. .

Y
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The performance comparison between inlets is based on changes in net
propulsive thrust, total liquid consumption, specific impulse, and in-
creases 1n maximum altitude of a typical vehicle on whiich these inlets
may be used. The net propulsive thrust F, was computed by the method

outlined in reference 3. Pumpling data for & typical current high-speed
turbojet engine were sssumed, and the actual rise in total pressure due
to water injection for computing thrust was neglected soc that the answers
are somewhat conservative. Both the afterburner total-pressure ratic and
the combustion efficiency were maintalned at 0.90. For complete after-
burning, an exhaust temperature of 3200° R was assumed. ({To provide a
more realistic performance comparison, partisl afterburning and also no
afterburning were assumed for some flight conditions.)

In evaluating the aerodynamic drag forces on the nacelle system,
only the spillage drag in the propulsive thrust parameter F, - Dg was

considered. Thus, Dg 1s defined as the drag force on the nacelle at the

operating polnt being considered minus the basic drag force at critical
inlet flow for the same flight condition. For the bypass case, Dg rep-

resents the added drag due to bypassing the excess inlet airflow.

The specific liquid impulse 1s a measure of the efficiency of a pro-
pulsion system and is indlcative of the airplane range possible with a
given liquid load. For the water-injection case, the liquid consumption
included both water and fuel. Without water Injection, only fuel con-
sumption is considered.

At cruise conditions for a given vehicle, an increase in engine
thrust generally results not only in an increase in maximum speed but also
ralses the meximum altitude at which the vehicle can operate as well.
Estimates were therefore made of the improvement possible over a fixed in-
let at altitudes of 45,000 and 55,000 feet by utillzing bypass matching
elone and the fixed inlet in combination with evaporative cooling as a
matching technique. For simplicity only, the change irn thrust was con-
sidered and no specific alrplane configurstion had to be assumed. The
crulse drag of each configuration was teken equal to the net propulsive
thrust of the fixed-geometry inlet system so that the increased altitude
represents the higher altitude at which the bypass or the water-injection
configuration could cruise gt the same £light speed as the Fixed inlet.
Because a constant drag with altlitude was assumed, such an estimate is
quite conservative because of the reduction of the zero lift-drag force
as compared with the Increase in induced-drag force. Nevertheless, the
trends thus obtained give a significent qualitative representation of the
comparative capabilities of the inlet system belng analyzed.

RESULTS AND DISCUSSION

The varistion of the ratio of critical inlet sirflow to engine cor-
rected alrflow with the basic fixed inlet is shown in figure 3 for a
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turbojet engine operating at constant maximum rotetive speed. The inlet
and englne were matched at My = 0.85 wi%h choking occurring in the mini-
mum inlet area. Subsonic inlet performance was baesed on a pressure re-
covery of 0.85; supersonically the recovery included normsl shock losses
and 0.95 subsonic_diffuser performence up to My = 1.35. Above this speed
repregsentative fixed inlet data were used.  The raepid increase of the in-
let airflow with flight speed indicates the alrflow splllage necessary to
match the turbojet engine over the range) of flight Mach numbers. At Mach
2.0, the splllaege is gbout 50 percent of the total engine alrflow. Al-
though thls appears to be a large excess airflow spillage requlrement,
this quantity still lies within the practical range of bypass and
translating-compression-surface systems.:

Matching the inlet and engine airflows by water injection, &s pre-
viously mentioned, 1s discussed in appenfix C. The result of applying
this matching method to the engine sirflow characteristic of the previous
filigure 1s indicated in figure 4. The net effect of reducing the tempera- .
ture of the air shead of the engine was to lncrease the engline corrected
alrflow and to reduce slightly the diffuser corrected alrflow. Thus, the
required alrflow spillage (fig. 3) was reduced, and the inlet and engine
airflow could be matched over the speed range from My = 1.5 to 2.0 with
less than a 3-percent liquid-air rstio (fig. 4). Therefore, this match-
ing technique affords higher engline airflows and no additive drags so that
the net propulsive thrust of the fixed inlet system is significantly ~
improved.

In addition, for those current turbojet engines which are compressor-
inlet total-temperature limited at about Mg = 2.0 in the tropopause,
water injection may be used to extend this speed range. Since the
compressor-inlet temperature at the match point at Mg = 2.0 (fig. 4) was

considerably below the assumed limiting temperature, TO = 706° R, with

water injection the flight speed was extended to the value which resulted
in this compressor-inlet temperature. As seen in figure 4, the matched
flight speed, based on engine limit at MO 2.0 without water injection,

can be increased over 25 percent without encountering alrflow spillage at
liquid-air ratios of only 3 to 5 percent. Although this is a significant
increase in engine tolerance, eirplane performence potentiesl will probably
be less because of the alrplene drag rige with speed. ) '

Inlets with water injection can be convenlently compered with other
engine-inlet airflow matching techniques on a pod-nacelle propulsive~
thrust basis. Such & comparison is made in figure 5. A fixed~geometry
inlet degpigned for meximum Mg of 2.0 hHas been used as the frame of ref-

erence, and the ordinste of figure 5 represents the relative propulsive
thrust between it—and the specific mebching system being consildered.

The varisble-geometry inlets, bypads and translating spike, were
sized at My = 0.85 (altitude, 35,000 ft) and the bypass was designed for

88T,
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shock on cowl-lip performance at My = 2.0. Although translating the
spike at the sizing My allowed a slightly smaller nacelle, the actual

nacelle size was set by the englne-plus-accessory maximum cross-sectlional
area, which effectively resulted in three nacelles of the same size and
gbout the same geometry. Since the effect of cowl pressure drag is not
included in the net propulsive thrust anaelysis, the effect of & slightly
smaller capture area for the translating-spike lnlet is neglected. The
data were selected for inlets having the same cowl-lip slope, and the by-
pass discharge angle was such as to allow approximetely axlial discharge
of the spilled alrflow.

The large thrust auvgmentation characteristics of the water=injection
system are immediately spparent from the comparison presented in figure
5. The translating-spike and the bypsss inlet (which have comparsble per-
Pormance) achieve only sbout one-half the thrust sugmentation level of
the liquid-injection inlet. For the range of Mach numbers between 1.5
and 2.0, the propulsive thrust of the water-injection system is from 17
to 56 percent higher than that of the best performing verisble-geometry
inlet and from 20 to 130 percent higher than the thrust of the fixed inlet.
These large thrust increases resulted chiefly from lncreased engine air-
flows and englne pressure ratlo and provide considersble mergin for im-
proved airplane speed, maneuverability, accelerstion, and altitude.

Above Mach 2.0 (where the data are based on the fixed-geometry-inlet
crulse thrust st Mach 2.0), the water-configuration thrust drops off
rapidly with increased Mach number because of increased inlet total-
pressure losses &t off-design inlet operation. The bypass and translating-
spike inlets terminate at Mach 2.0 because the assumed inlet temperature
limitation (on the turbojet engine) occurs at this speed.

Although water injection increased the propulsive thrust of the con-
figuration considered, it d4id so at the expense of an increase in the
liquid flow rate; for both fuel and water are being consumed. The volume
and weight of the water required necessarily replace fuel load and reduce
total endurance time below that of the basic fixed-geometry lnlet con-
Tiguration. In order to evaluate this added liquid consumption and de-
termine its over~-asll effect on vehicle performence, the specific iiquid
impulse ((1b thrust/(1lb liguid consumed)(sec)) was computed for the water-
injection and bypass cases and compared with that of the basic fixed-
geometry inlet. These results are presented in the lower half of figure
6.

On the basils described, the bypass inlet displayed the best impulse
performance over the entlre speed range. Assuming complete evaporation,
the specific impulse of the water-injection configuration was only approxi-
metely 90 percent of the value obtalineble with the basic fixed-geometry
inlet. The bypass configuration, on the other hand, gave a specific im-
pulse equal to that of the basic flxed-geometry conflguration at Mach 1.5

and a value 35 percent greater at Mach 2.0.
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Careful examination revesals, however, that such a compsrison is quite
unrealistic, for the comparison at each: Mach number is being made at un-
equal thrust levels between configurations. As indicated in figure 5,
the propulsive thrust level wlth water injection is considerably greater
than that for the bypass configuretion.. An additlional comparison at equel
thrust levels was, therefore, also mede by assuming reduced fuel flow and
partial afterburning for the water-injectlon case to reduce 1ts thrust
first to the level of the basic fixed-geometry configuration and then to
the level of the bypass configuration.

On this basis the impulse of the water-injection configuration may
be improved sbout 10 percent for most of the Mach number range. Although
only comparison with the fixed- geometry thrust level 1s shown, the per-
formance at the bypess thrust level is sbout the same except at Mech 2.0,
where the impulse is 10 percent greater. The rapid impulse decrease above
Mach 1.8 for the comparison with the fixed inlet case is attributed to
changing the engine operating match po;nt.

To demonstrate the influence evaporation effectiveness has upon the
specific impulse, the variation for no evaporation and no thrust augmenta-
tion 1s also included in the lower half of figure 6. The region bounded
by the upper and lower curves for complete and no evaporation represents
the range of practical impulses attaindble in an airplane installation.
The degree of evaporation achievable in a practical installetion was not
considered herein.

Included in the upper half of figure 6 i1s the veriation in total lig-
uld consumed by the various matching systems under consideration. Again
the basic flxed-geometry inlet is used ‘as a basis for comparison. Over
the Mach number range from 1.5 to 2.0, the water-injection system progres-
sively consumes from 25 to 240 percent | more liquid than either the hbypass
or fixed-geometry systems. The bypass ‘and filxed-geometry configurations
have gbout equal liquid consumption because thelr pressure recoveries are
nearly the same.

On the basls of equal propulsive thrust levels, the water~injection
matching technique compares considerably more favorably. Essentially,
the same total liquid consumption results with elther the water-injection
or the basic fixed-geometry inlet and at Mach 2.0 is only 56 percent
greater for the water-injection system‘than for the bypass system.

The liquid consumption indicated in figure 6 does not reflect the
relative changes in fuel flow necessary to operate the engine at partial
afterburning. No date are presented for these changes; however, it was
found that for the case of complete eveporation (full afterburning) the
fuel flow increased from 13 to 50 percént. However, at equlvalent thrust
levels (or partial afterburning) the fuel consumed with water injection
was from 20 to 60 percent of that of the bypass 1inlet and 168 to 40 percent
of that of the fixed inlet.
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Because the water-injection system has demonstrated thrust capabil-
ities sbove and considerably beyond those of the bypass, translating-
spike, and fixed inlets, 1t affords reserve power to increase vehicle
flight altitude over that possible with other inlet matching systems. A
comparison between the bypass and water-injection systems based upon per-
centage of altitude increase over the basic fixed-geometry inlet is pre-
sented in figure 7. Water injectlon increased the fixed-inlet cruise
altitude from sbout 8 to 35 percent at 45,000 feet and from 5 to 22 per-
cent at 55,000 feet. At both altitudes, the percentage of altitude im-
provement with the bypass inlet was about one-half of that obtailned by
the water-injection system.

It is apparent that the use of water injectlon for engine-inlet match-
ing provides an adequate means for lmproving engine-inlet airflow compati-
bility with simultaneous thrust augmentsetion. Although the liquid quan-
tities consumed by such a system are large compared with those of other
matchling techniques, use of water injectlion in combination with ancther
matching technique such a8 & bypass may be desirable to take advantage
of the short-term thrust augmentation of the former. Consideration should
be given to using water injectlon in order to provide added facllity for
meneuvering, acceleration, and increased altitude for aircraft currently
utilizing verigble-geometry schemes for engine-iniet matching. If en-
durance time can be compromised, wabter injection may also serve as a less
mechanically complex system for engine-iniet matching.

SUMMARY OF RESULTS

An snalysis of engine-inlet matching by means of evaporation cooling
due to water injection in the subsonic diffuser of a supersonic propulsion
system indiceted the followlng results:

1l. Engine-inlet airflow matching was achieved over Mach numbers of
1.5 to 2.0 with no spillage and liguid-salr ratios up to 0.03. Assoclated
net propulsive thrusts were 17 to 56 percent greater than that of the
best performing variable-geometry inlet.

2. For a typlcal turbojet engine with the compressor-inlet tempersature
limited at Mach 2.0, the maximum permissible flight speed was increased 25
percent without spilliage.

3. Specific liquid impulses of the water-injection system were con-
glderably lower than that of a bypass inlet and were about equal to that
of a fixed-geometry inlet without water injection. The total liquid con~
sumed by the water-injection system, at matching for Mach 2.0, was 240
percent as much as that of the bypass inlet. However, at equal thrust
levels, the total 1liquid consumed was only 56 percent greater than that
of the bypass-system value.
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4. The large ebsolute thrust gains;due to water injection increased
the cruise altitude of a vehicle using & bypass inlet from 55,000 to
60,000 feet and for a fixed inlet system from 55,000 to 67,000 feet at a
free-gtream Mach number of 2.0. .

Lewis Flight Propulsion Lsaboratory :
Netional Advisory Committee for Aeronasutics
Cleveland, Ohio, October 16, 1956

d
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APPENDIX A

SYMBOLS
area, sq Tt
choked area

specific heat at constant pressure, 0.241 for air and 0.448 for
water vepor at low pressure, Btu/(1b)(°R)

specific heat at constant volume, 0.172 for alr and 0.337 for
water vapor at low pressure, Btu/(1b)(CR)

dreg, 1b

thrust, 1b

latent heat of vaporization, Btu/1b
altitude, £t

altitude increment, ft

liquid enthalpy, Btu/lb

vapor enthalpy, Btu/ 1b

specific impulse, (F, - Ds)/wf or (F, - Ds)/(wf + Wz): sec

Mach number

molecular weight

totel pressure, 1b/sq ft
static pressure, 1b/sq £t
heat transferred, Btu/sec
ges constant, f£t-1b/(1b)(°R)
total temperature, ©R
static temperature, °R

welght flow rate, l'b/ sec
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WSA? corrected weight flow ratio per uhit area, 1b/(sq ft)(sec)
T ratio of specific heats, 1.4 for air
3 generalized correction perameter, P/2116
AJE- corrected temperature retio, A/E7§i§j
p density, 1b/cu ft |

¥ relative humidity, pv/Ps.v.
Subscripts:

a air

cr cruise .
crit critical

e engline

eff effective

f fuel flow _
fg fixed geometry

i inlet .-
1 liquid

n net .
8 spilllage N
S.V. sgturated vapor

v vapor

0] free-stream conditions

1 before evaporation

2 after evaporation

3 compressor lnlet

|Gy

}
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4 turbine outlet

5 exhaust nozzle

11
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APPENDIX B

CALCULATION OF ONE-DIMENSIONAL FLOW WITH COMPLETE EVAPORATION
OF WATER IN A CONSTANT-AREA CHANNEL

In order to evaluate the effect of cooling a subsonlc stream by evap-
oration in a constant-area channel, as éhown in the following sketch, the
following assumpilons were mede:

1

%

~gf——

a

\
N\

Station 1 Q toon

-
|
W — I
i
]

(1) Frictionless flow from station’l to 2.

(2) Complete evaporation of liguid!between stations 1 end 2.
(3) tv = 'tz.

(4) @ = 0.

(5) Hy = Hv(tl,z)- i S

(6) Fluld is perfect gas before aqd gﬁpex water evaporation.

(7) Variation of the specific heat with temperature of the mixture
during evaporation is small:ané_is therefore neglected.

The mass flow continulty between statiqns_l and 2 1s

. .
W = Wy 1 + 'W'—) (B]_)

8,

and
Wy = Vg

where all subsequent subscripts a are used interchangesgbly with station
1. Assuming thet the liquid is injected normal to the streamwise direc-
tion, the momentum equation is

8ST¥%
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PP 1+ Tz"‘%

P2 1+ v ME

(B2)

Rewriting, in terms of totel temperature before and after evaeporation,
equations (Bl), (B2), and the equation of state p = pRt gives

T, o T
™= e 7w JTZR: (83)
1 9 (1 . ) &

Ve

where

1 + M2

=MA11+751M2

®

Tz can be found from reference 4 as

W, C
l+__z._ELE

¥a Cp,a
r.=7 Ww

2 *\1 + "1 Svpv

Ya v,s,

and the gas constant RZ for the mixture is
W
gy
a Wg, Rv

2 w
1+ <_l)
W&

In order to obtain T, in equation (B3), the energy equation per

R

pound of dry alr at station 1 and the water-vapor - air mixture at station
2 may be written as

T 4ty (t, -) 2 (t.) T, + 2 T, - L 2 ),
c + —= = = + = S —
p,aa W, 1 1,1 Vg by lty Cp,a2 Wy “p,v2 Vg, cp,v tl,Z 1,1

vhere the vapor velocity is assumed equal to the air velocity at station 2.
By rearranging terms and pertially accounting for the vapor velocity at
station 2 by assuming that tz = tl 1 (in case of the finel term only),

2

the energy equation becomes
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A [Hv(tl,l) - °p,vt1 z]
(1 + W.l EP_:_V_)

Va Cp,a

(B4)

T2=

Therefore, by using equations (B3) and (B4) and selecting values for
T1s My, and WZ/ 0’ M2 and the corresponding corrected airflow

SESJ
(w e - )
A /o T

rz+1

2(rp1)

g+t
2

59° F .

2:M2

may be found by using

ci.
]

1.53

—{
<
I

m, = 29

~

Results of these calculstions are presented in nondimensional form in
figure 2.

The relative humldity of the ailr at station 2 is found by using the

equation of state p = pRt, Dalton's lgw of partial pressures Ps = Pg +

Py, and the expression for mess flow. By combining these expressions,

the relative humidity may be expressed as a function of altitude, free-
stream Mach number, inlet Mach number, pressure recovery, liquid-air ra-
tio, and the Mach number after eveporation:

i gST¥
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W_I?E M2
a Ra +.ra 1lfp Pl P Po
V= 2 (5), 75 (5), 5 (25)
wy Ry +-r2M2 10 0 ¥s.v.
teR
8 &

Since pg 4. = p(tz) and since all the other conditions are known, or can

be found, the relative humidity for a given inlet operating condition is
obtainable.
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APPENDIX C

ENGINE-INLET MATCHING WITH EVAPORATIVE COOLING

BA

AHEAD OF THE TURBOJET ENGINE

Critical inlet
airflow,

W
. =)
we match v d

Tl = constant

Subcritical
inlet airflow

vy /v,

A graphical method was used for obtalning a simultaneous solution to
the engine-inlet metching problem with 'evdporation cooling. The preceding
sketch represents s cross plot of figure 2 for the glven initial corrected
airflow end for a given Msch number in ithe tropopause. The s0olid curve ’

representes the critic

al inlet sirflow behind the terminal shock and sheead

of the liquid~injection section (see fig. 1) in the diffuser. Because

the inlet airflow is
speeds (fig. 3), the
resulting high drags.

larger than the required engine airflow at supersonic
excess must be spilled ahead of the inlet cowl with
Without such Bpillage the inlet and engine could

be considered as being msaiched. chever, ‘spillage does exist in this
case, and it may be considered as the margin of "mismatch" between the
inlet capaclty and the engine requirement. Since the inlet and engine
are mismatched by about 50 percent st Mach 2.0, for exemple, the inlet
corrected airflow for this condition is less than the critical inlet fiow
and is represented by point a. If a l;quid-air ratlo (wz/ )b less than

the matched liquid-air ratio (wz/w g 1s selected, Tz can be computed

from equation (B4).

This glves the effective engine operating temperature

whereby the corrected engine alrflow can be found:

(%ﬁ(e) - <w ]
BA 2,b 8 7.

(Ee__ff)_l_
B2/ &

eff,b

RCT%
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where

Point b is still subcritical. However, increased amounts of liquid
injection (WZ/Wa)c and (wz/wa)d result in the curve ebcd and estab-

lish the matched liquid-air ratio (wz/wa)d at which the inlet opersates

without spilllege. From the sketch it 1s easily seen how the diffuser-
discharge corrected airflow 1s reduced and the engine corrected airflow
is increased g8 the liquid-air ratioc is increased.

In order to restrict relstive humidities to unity at station 2, equa-
tion (B5) was used to determine the value at the successive points a, b,
and c. No conditions with relative humidities greater than unity were
considered and were not required to achleve the match point.
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Figure 2. - Variation of corrected airflow ratioc before and after liquid injectlon with liguid-air
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NACA TN 3922
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Figure 3. - Varistion of ratio of crit-

ical inlet airflow to engine airflow
with free-stream Mach number. Alti-
tude, 35,000 feet and above.
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Figure 4. - Variation of maetched liquid-air
ratio and matched engine-inlet airflow
ratio with Mach number. Altitude,

35,000 feet. :
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Figure 5. - Comparison of net propulsive thrust
ratios. Altitude, 35,000 feet.
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Figure 6. - Variation of liquid ahd impulse ratlios with free-stream Mach

number. Altitude, 35,000 feet.;
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Figure 7. - Percentage of altitude increase (based
on fixed-geometry inlet) for varisble-geometry
end water-injection inlets.
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